Introduction 10
Due to the increasing pressure to reduce greenhouse gases and the concerns over the increasing 11 scarcity of fossil fuels replacing road or aviation transport fuels with more sustainable alternatives is 12 a pressing scientific and engineering challenge. In the short to medium term replacements must be 13 of the sort that can be used within the current infrastructure to allow a smooth transition to low 14 carbon economies. One alternative fuel is biodiesel, the fatty acid methyl esters (FAMEs) derived4. Biodiesel also contains long chain saturated and monounsaturated esters leading to poor low 1 temperature properties. 2 3 These issues lead to adverse consequences. The feedstock is not sufficient to meet more than a 4 fraction of demand, engines cannot be adapted to the fuel due to the variability in fuel performance, 5 higher blending cannot be used in colder climates and without effective antioxidants polymeric 6 gums and solid material are produced that can, if present in the fuel prior to combustion, block the 7 fuel filters and injectors and reduce the efficiency of the engine [1] . For the next generation of 8 biofuels to be effective these issues must be addressed. Potential solutions to these four key issues 9 are: 10 11 1. The fuel could be derived from cellulosic sources, which is far more abundant and can be 12 grown on marginal land or collected from waste food. 13 kinematic viscosity and density were taken into account and compared to the equivalent 23 hydrocarbon fuel (tables 2 -4). Ethyl acetate has an extremely low melting point and flash point 24 making it suitable as a petrol replacement as opposed to butyl acetate where the flash point is too 1 high for an effective replacement to petrol but too low for use as a diesel or aviation fuel. Ethyl and 2 butyl propionate were similarly dismissed. Butyl butyrate has a flash point above the minimum 3 required in the aviation standard and a melting point far lower than kerosene making it a potential 4 biofuel for this application. 5
Most of the monoesters exhibit flash points below the minimum of 55°C for diesel fuel. Ethyl 6 lactate, butyl lactate and butyl butyryllactate, all have higher flash points which fall within the diesel 7 fuel specification, however, the viscosity of ethyl lactate is too low to be considered as a 8 replacement for diesel fuel. Similarly diethyl oxalate and diethyl malonate have viscosities that are 9 too low to act as a replacement for diesel, where diethyl malate, dibutyl malate, diethyl fumarate 10 and diethyl itaconate have too high melting points. The viscosity and the melting point of a 11 compound is greatly increased if inter molecular bonding, such as hydrogen bonding or dipole 12 interactions are possible. For this reason the most successful potential fuels in this regard have no 13 alcohol groups and tend to have longer butyl rather than shorter ethyl chains. Though viscosity can 14 be altered with additives such as low molecular weight organic polymers, the need for further 15 additives would drive the cost of these alternative fuels up, it is likely that only blending with the 16 correct fuel would therefore be an option. 17
The butyl substituted succinate, oxalate, fumarate, malonate and itaconate all fall within the 18 ASTM D975 and EN 590 diesel specification and were therefore investigated for their further fuel 19
properties. Triethyl and tributyl citrate were found to be too viscous to be used as a replacement for 20 hydrocarbon fuels and would only be able to be used as an alternative fuel at low blend levels with 21 mineral diesel. A further stipulation in the Jet A1 standards is the kinematic viscosity of the fuels at -22 20 °C. This must be no more than 8 mm , butyl butyrate, diethyl malonate, dibutyl malonate, butyl 23 levulinate and ethyl levulinate were therefore tested ( fig. 1) . 24
The viscosity of diethyl malonate and butyl butyrate falls within the Jet A-1 aviation 1 specification though dibutyl malonate is far too viscous at the temperature required to be 2 considered a suitable replacement. The previously reported ethyl and butyl levulinate both fall 3 within the Jet A1 specification. 4 5
Miscibility of the esters 6
All the promising fuel products were tested for their miscibility with the appropriate hydrocarbon 7 fuel (table 5). All fuels derived from fermentation -with the exception of diethyl malonate -were 8 completely miscible with the desirable hydrocarbon at room temperature, this is in contrast to ethyl 9 levulinate. None of the fuels tested were found to have a high mass solubility with water, however 10 dibutyl succinate and dibutyl fumarate show less water solubility and are therefore more promising 11 fuel substitutes than butyl lactate or diethyl succinate. It seems likely that the increase in 12 hydrophobicity caused by the longer alkyl chain is necessary to produce a reasonable substitute for 13 hydrocarbon fuels. 14 To be considered as a suitable substitute, novel biofuels must also be fully miscible at the 15 lowest temperatures that the fuels will be used at. To examine this, the biofuels were blended with 16 the appropriate fossil fuel in a 50:50 volumetric mix. Butyl butyryllactate, dibutyl oxalate, dibutyl 17 malonate, dibutyl succinate and dibutyl fumarate remained miscible down to -19 °C i.e. the cloud 18 point of the mineral diesel used in this study. Butyl levulinate was found to separate at sub-zero 19 temperatures from the diesel fuel and from aviation kerosene. The kerosene compatible fuel butyl 20 butyrate remained miscible up to -47 °C, when the cloud point of the fuel was reached. Dibutyl 21 malonate was not miscible at these temperatures, demonstrating the further unsuitability of this 22 fuel for the aviation sector. 23 24
Energy content 1
Bioethanol has a far lower volumetric energy density than petrol therefore reducing the range of the 2 vehicle. Biodiesel has a higher energy density more akin to diesel, though it is still slightly reduced 3 depending on the source and FAME profile. In this study the energy density of the fuels were 4 examined by bomb calorimetry ( fig. 2 ). All the fuels tested have a lower energy density per unit 5 weight than the fossil fuels. However, this discrepancy is far less pronounced by volumetric fuel 6 density due to the higher densities of the oxygenates. The diesters tested all have a similar energy 7 density, the lowest is diethyl succinate followed by dibutyl oxalate, dibutyl malonate and dibutyl 8 succinate, with this trend of increasing energy density reflecting the decreasing oxygen content. All 9 the fuels tested have a higher energy density than ethanol though only butyl butyrate and dibutyl 10 succinate have a comparable energy content to n-butanol. The energy density of the rapeseed 11 methyl ester used in this study was found to be higher than all the novel fuels tested albeit slightly 12 lower than the mineral diesel. 13 hour period, unlike RME where over 90% of the unsaturated components had degraded over the 22 timeframe. The main mechanism of oxidation of these types of compounds proceeds with the 23 formation of a radical hydrocarbon species on the bisallylic carbon, the double bonds will then 24 isomerise into a more stable conjugated structure, this radical reacts with oxygen to form a variety 1 of oxygenated intermediates [30] . As the conjugated structure is necessary to stabilise the system, 2 monounsaturated and saturated esters are far more stable than the polyunsaturated esters present 3 in most vegetable oils. 4 5
Toxicity 6
Though not regulated through the aviation or road transport standards toxicity is a consideration in 7 the design of novel biofuels. A comparison of the toxicity of the proposed fermentation fuels with 8 their hydrocarbon counterparts was undertaken by reference to the material safety datasheets 9 (MSDS). It was found that dibutyl succinate, diethyl succinate, butyl butyrate, dibutyl fumarate and 10 dibutyl malonate are more benign than their hydrocarbon counterparts [31] . Dibutyl oxalate, 11 however, can cause skin irritation, allergic reaction, serious eye damage or respiratory irritation. As 12 such dibutyl oxalate was not considered suitable for further study. 13 14
Lubricity of the diesel substitutes 15
The standard test to measure the lubricating performance of fuels set out in the ASTM D6079 and 16 EN 590 is by the HFRR (High Frequency Reciprocating Rig) method. In this method a hardened steel 17 ball vibrates against a steel plate immersed in the test fuel. The wear scar diameter of the plate is 18 then assessed against a reference fuel. In this study the four potential diesel substitutes were 19 examined by HFRR (ISO 12156-1) to quantify the fuel lubricant performance (fig. 4) . Boundary 20 lubricants tend to be similar to surfactants and have polar and non-polar groups. The polar groups 21 such as those containing oxygen, nitrogen or sulphur become attracted to the metal or metal oxide 22 surface, the non-polar group then extends away from this surface creating a malleable organic layer 23 allowing the parts to move across one another with reduced friction. Esters have been shown to be 24 moderately effective polar groups [32] , and as such biodiesel has been demonstrated to have 1 excellent properties as a lubricant due to the polar ester group and hydrophobic fatty chain [33] . The 2 esters tested throughout this report all fall within the EN and ASTM specifications for lubricity, 3 though the butyl substituted esters are more effective than diethyl succinate presumably due to the 4 increased hydrophobicity of the butyl over the ethyl group. Dibutyl succinate demonstrated the best 5 lubricity, and could potentially be used as a lubricity improving additive. 6 7 3.7 Octane and cetane number of the relevant fuel substitutes 8
Cetane number (CN) is an important metric in determining the ignition quality of fuels used in 9 compression-ignition engines. The higher the CN the more easily the fuel ignites in the combustion 10 chamber. Though the CN requirements of an engine depend on its size, load and speed, there are 11 minimum levels set out in the standards that a fuel must conform to. These are 40 by the US 12 standard ASTM D975 and 51 by the European standard EN 590. Though fuels with excessively high 13 CN can produce increased levels of PM, more problematic is when the cetane number is too low. 14 Fuels with low cetane numbers can produce excessive NO x and PM emissions as well as reducing the 15 engine efficiency [34] . In this study the cetane number of the four diesel like fuels was analysed on a 16 CFR engine according to the standard test procedure ISO 5165 ( fig. 5) . The cetane number of a fuel is 17 dependent on a range of physical and molecular properties. It has previously been shown that for 18 longer chain esters an increase in the molecular weight or carbon number of the fuel, increases the 19 cetane number substantially [35] . However, this trend is not observed with the esters examined over 20 the course of this project as both diethyl succinate (C 8 ) and dibutyl succinate (C 12 ) have the same 21 cetane number. In a further study, the carbon number of an ester was shown to only moderately 22 correlate with cetane number and a host of other factors such as the boiling point, melting point, 23
heat of combustion, refractive index and density were all shown to have an effect, though density 24 and the boiling point were found to have the highest correlations [36] . Higher densities and lower 1 boiling points correlated with lower cetane numbers. All the esters screened for their cetane 2 number in this study had densities far higher than diesel fuel and much reduced boiling points 3 indicative of low cetane number fuels. 4
The cetane numbers for the four fuels do not vary greatly depending on stucture. As with 5 ethyl and butyl levulinate which have a CN of 5 and 14 respectively [8], the CN is too low to be used 6 as a fuel without either blending with the corresponding diesel fuel or using additives such as 2-7 ethylhexyl nitrate, to improve the combustion characteristics. Christensen et. al. estimated that 8 when blending butyl levulinate in a 20% volumetric blend (B20) with diesel fuel the cetane was 9 roughtly double that of the pure ester. A further increase in the cetane number was acheived by 10 adding 2-EHN, at 1584 ppm bringing the B20 blend up to ASTM standards [8] . It is likely that similar 11 methods would need to be employed with the diester fuels. 12
The octane number, a measure of the fuel performance in spark ignition engines, is inversely 13 proportional to the cetane number. Though other physical properties make these fuels unsuitable as 14 petroelum substitutes without blending, the poor cetane numbers (and hence good octane rating) 15 mean that these fuels could potentially be used as octane improving additives in blends with petrol. 16
Ethyl acetate has an octane rating of 116 [37] , over the course of this study butyl butyrate was 17 found to have a similarly suitable research octane rating of 97.3, higher than the minimum of 95 set 18 out in the EN 228, making it an ideal candidate as a gasoline or aviation fuel substitute. 19 20
Prospective costs of the feedstock acids 21
The expense of the acids will be a large factor in whether the esters presented in this report will 22 become biofuels used in the future. At present the acids described in this investigation are 23 manufactured on a smaller scale than the bioalochols or biodiesel. These range from over 1.7 million 24 tonnes of citric acid produced by fermentation in 2007 to the production of malonic acid by 1 fermentation which has yet to be industrialised [38] . At present the cost of the acids reflect this scale 2 of production, where citric acid costs near $1.00 kg -1 [38], itaconic acid costs near $2.00 kg -1 and 3 succinic acid costs at present between $ 5.00-9.00 kg -1 [39, 40] . However, the cost of succinic acid 4 has been predicted to fall to between $0.50 -1.00 kg -1 or even lower when the wide scale 5 manufacture of this acid by fermentation becomes the norm [40, 41] . While these costs are 6
prohibitively high at present they have the potential to be reduced substantially by economies of 7 scale. 8 9
Conclusion 10
Butyl butyrate was found to be compatible with petrol and has similar properties to the recently 11 published alternative fuel substitutes ethyl acetate, ethyl propionate and ethyl butyrate, mentioned 12 in the introduction section. Unlike these fuels, butyl butyrate was also compatible with kerosene 13 with a melting point below -47 °C and a flash point above 38 °C, as well as remaining miscible with 14 kerosene at low temperatures. As such butyl butyrate is a promising additive for the aviation sector, 15 though more work is needed in this area to examine the effects that these types of oxygenated fuels 16 have on the operation of an aircraft, especially at low operating temperatures. The major application 17 for the fermentation esters presented in this paper are as blending agents with mineral diesel. Four 18 potential fermentation products could be used as a blend with diesel fuel; dibutyl succinate, dibutyl 19 malonate, dibutyl fumarate and diethyl succinate. Each of these fuels had a suitable kinematic 20 viscosity, flash point, melting point and miscibility with diesel. The energy density of each fuel was 21 roughly 80% that of diesel and though the cetane numbers were low, cetane improver additives and 22 blending down with diesel fuel can be used to bring this up to specification. As these fuels have a 23 defined structure, irrespective of the feedstock source, the engine could potentially be adapted to 1 more easily run on this type of biofuel. 
